This paper presents the design and performance of an open jet, blow down wind tunnel that was newly commissioned in the anechoic chamber at the ISVR, University of Southampton, UK. This wind tunnel is intended for the measurement of airfoil trailing edge self-noise but can be extended angles of attack respectively into the potential core of the free jet were carried out. It was confirmed that the radiating airfoil trailing edge self-noise has levels significantly above the rig noise over a wide range of frequencies. The low noise and low turbulence characteristics of this open jet wind tunnel are comparable to the best facilities in the world, and for its size it is believed to be the first of its kind in the UK.
Introduction
Until recently the main source of engine noise from commercial aircraft has been from the jet.
With the advance of more effective low noise engine technologies, such as ultra high bypass ratio engine and lower speed fans, significant reductions in the jet noise have been realized. By contrast, due to a relatively poorer understanding of fan broadband noise, it has become a dominant noise source in modern aero-engines. One of the dominant broadband noise generation mechanisms is due to the interaction of the turbulent boundary layer with the trailing edge of the fan blades. In this case, the vortical disturbances of the turbulent boundary layer scatter at the sharp trailing edge into sound. Trailing edge self noise is also a dominant noise generation mechanism on aircraft wings and wind turbines. The ability to predict and characterize trailing edge self-noise is therefore important in order for its understanding and mitigation. A number of theoretical and computational models of trailing edge self-noise may be found in the literature [1] [2] [3] [4] [5] . However, experimental studies of trailing edge noise are comparatively scarce [6] [7] [8] , most likely due to the numerous difficulties in obtaining accurate trailing edge self-noise measurements. The main difficulty with this measurement is the high levels of background noise such as from the fan that is usually used to generate the air-flow, structural vibration noise, and the noise induced by flow through various components of the test tunnel. These extraneous noises, especially in high Reynolds number experiments, can easily mask the relatively weak broadband trailing edge self-noise.
Essential requirements of an open jet wind tunnel for aeroacoustic measurements are that, most importantly, the trailing edge self-noise should be significantly greater than the background noise (more than 10 dB); second, the incoming flow should be of sufficiently low turbulence intensity to eliminate the noise generated through its interaction with the leading edge. A number of high quality aeroacoustic wind tunnels exist around the world that meet these requirements at low to moderate Reynolds numbers [9] [10] [11] . However, the design of an aeroacoustic wind tunnel that matches the operating Reynolds numbers of an aircraft turbo-engine inlet fan, typically from 1 to 3 x 10 6 (based on axial velocities at 30% from blade root to blade tip respectively) at approach [12] , and yet still retain low background noise and low turbulence intensity is significantly more difficult to achieve. This is the objective of the wind tunnel design presented here. This paper presents the design principles of the open jet wind tunnel, with special emphasis given to its acoustical and aerodynamic performances. Major components such as the silencer, diffuser, settling chamber and nozzle will be described in detail. Calibration results of the facility background noise and the exit jet turbulence levels and flow uniformity will also be included. Finally, typical measurements of the trailing edge noises from a symmetric NACA0012 in the quiet configuration of 0 o and 10 o angles of attack are presented and are shown to be between 10 dB and 30 dB above the background noise level. The low noise and low turbulence characteristics of this open jet wind tunnel are comparable to, or better than, the best facilities in the world. This facility is believed to be the first of its kind in the UK.
Design Criteria
The open jet wind tunnel is designed to fulfil the following acoustic and aerodynamic criteria:
1. Airfoil trailing edge self-noise must be at least 10 dB above the facility noise over a wide band of frequencies.
2. Maximum Mach number of about 0.3.
3. Typical turbulence intensity of less than 0.5%.
4.
The jet working section is situated in the ISVR's large anechoic chamber (8 m x 8m x 8 m)
for the free field measurement of the self-noise of objects located in the potential core of the jet.
5. The air must be adequately exhausted from the anechoic chamber. tanks supplied by a compressor is thought to be a quieter method of delivering air than the use of a fan, although the latter has the advantage that it offers continuous operation. Table 1 
Layout of the Open Jet Wind Tunnel
The layout of the quiet open jet facility is shown in Fig. 1 . Air is stored in tanks at 2000 kPa Reynolds number based on the hydraulic diameter at the nozzle exit is 1.5 x 10 6 . The nozzle exit is situated at the centre of the anechoic chamber. As shown in Fig. 1 , the air jet is finally exhausted through a hole in the chamber wall directly opposite the nozzle into a large adjoining room from where the air leaves through doors and windows to the outside of the building. The distance between the nozzle and the exhaust hole is about 4 m. The jet was slowed down and diffused inside the adjoining room. The transmission of residual noise from the adjoining room back to the anechoic chamber is reduced by the acoustic wedges on the chamber wall. Hence the excess noise is contained within the adjoining room and will not be picked up by the microphones inside the anechoic chamber. In the remainder of this section detailed descriptions of the various parts of the open jet wind tunnel are presented.
Control valve
As outlined above, a control valve was installed to regulate the flow rate of the compressed air into the wind tunnel. The ability of the control valve to maintain a constant and steady pressure is essential to ensure the stability of the exit jet velocity. An unfortunate consequence of the use of storing the air at high pressures and reducing it across a valve is the associated generation of noise due to the large pressure drop across it. Two approaches were employed to reduce this noise source.
The first is to use a control valve with an innovative noise-control design; the second is to introduce a silencer downstream of the control valve to attenuate the noise levels. The latter approach will be discussed in detail in the next section. Measurement of the primary silencer transmission loss was performed. The ratio of sound powers at the inlet and outlet was measured using a B&K intensity probe. The measurement is compared with the theoretical predictions of Cummings [13] , as shown in Fig. 2 . Satisfactory agreement between the experimental result and prediction can be seen in the figure which shows a 50-60 dB measured and predicted transmission loss in the frequency range from 300 Hz to 4000
Hz. For the design of a curved diffuser, three dimensionless parameters are of importance: the arearatio (AR, W 1 /W 2 ), scaled inner wall length (L in /W 1 ) and the turning angle () [14] , where W 1 and W 2 are the widths of the curved diffuser inlet and outlet respectively and Lin is the inner-wall length. It has been demonstrated that, to maintain separation-free at the inner-wall region, the allowance for higher AR and lower L in /W 1 decreases when  increases [14] . In other words, to maintain a steady diffusing flow, the diffuser is required to be longer and hence more floor space is needed to accommodate it. However, for the current design, there is a severe space limitation and the curved diffuser must be necessarily short, resulting in an undesirably abrupt curvature of the [15]), the current diffuser with short but large AR and  values is predicted to fall into the severe stall regime for a wide range of Reynolds numbers.
To achieve a non-separating boundary layer with this geometry the diffusing flow should be curved diffuser into a wind tunnel would require a substantial distance before the separated flow from the diffuser inner-wall reattaches again. Following extensive testing, it was shown that three equally spaced splitter vanes, a honeycomb at the diffuser exit followed by three fine woven wire mesh screens, with a cumulative pressure drop of 5.5q (q is the dynamic pressure, see Eq. (2)) can suppress effectively the boundary layer separation at the inner-wall * . This is confirmed in Fig. 3c where the exit flow was found to be reasonably uniform over most of the exit area (note that the contour scale in Fig. 3c is reduced to improve the resolution, i.e. if the same larger contour scale as in Fig. 3b is used instead, a visually more uniform pressure distribution will be obtained). A detailed discussion of the physical mechanism by which the screens and guide vanes inhibit flow separation is beyond the scope of the current paper and is reported elsewhere [16] .
This arrangement of splitters and screens was adopted in the full-size 90 o -curved diffuser, whose performance was tested using a rake of nine Pitot-tubes covering the distance between the outer to inner-walls of the diffuser (1.3 m) to simultaneously measure the exit flow total pressures. Since the full-size and scale model experiments were performed at different flow speeds, direct comparison of the data between the two is not possible. A more meaningful approach is to determine the velocity deviations, U dev , of the measured velocity compared with the flow at the outer-wall region where it takes a maximum value. This quantity can be expressed as: 
where p is the static pressure drop across the screens, q is the upstream dynamic pressure and  is the porosity, where A and B are constants usually taken to be 0.52 and 1, respectively for a square woven type of mesh. Eq. (2) suggests that the pressure drop across the screen can be solely determined by its porosity. It has been suggested that K should be at least 2.56 to achieve uniform flow across the screens in a wind tunnel [18] . Based on the above criterion the final values of d (wire diameter), P (pitch), K and  for all the screens used in the open jet wind tunnel are summarized in Table 2 . Also included in the table is the summary of cell diameters and lengths for the honeycombs used in this wind tunnel. † Note that honeycomb and screens at the settling chamber inlet are essentially the very same flow control devices for the 90 o -curved diffuser.
A further undesirable consequence of introducing the 90 o -curved diffuser is that its critically unfavourable geometry is prone to generating pressure fluctuations in the flow, which can then be transmitted to distance along the wind tunnel. Furthermore, the addition of flow splitters inside the 90 o -curved diffuser may also generate extraneous noise as a result of flow impingement and boundary layer growth. The settling chamber was therefore acoustically lined to attenuate the noise sources located downstream of the valve. The theory of Kurze [19] was used to predict the transmission loss for different combinations of lined-splitter numbers and thicknesses. In the final design, the acoustical liners consist of five parallel absorptive-line splitter plates and two linedsideliners. The splitter plates are 1800 mm in length and 110 mm in thickness; whereas the sideliners are 40 mm in thickness. Super-elliptical leading edge and tapered trailing edge shapes were included to ensure that smooth and attached flows exist on the splitter walls. The overall pressure drop caused by the growth of the boundary layer displacement thickness on the splitter walls was estimated to be of negligibly small at 90 Pa. The transmission loss of this silencer was predicted to be about 35 dB at 2 kHz, falling to about 15 dB at higher frequencies.
Nozzle
The flow is accelerated rapidly in the nozzle resulting in large streamwise strain. The choice of large contraction ratio, such as in the present design (25:1 CR), which is directly proportional to the strain in the streamwise direction, is useful for minimizing flow non-uniformity and streamwise velocity fluctuations. However, the use of a large CR nozzle carries the risk of causing flow separation near the nozzle exit. In general, the radius of curvature at the ends can be kept small to avoid separation but this will result in a longer contraction length and an increase in exit boundary layer thickness. In addition, the nozzle consists of concave (at upstream) and convex (at downstream) parts so the inflection point should be designed such that the first and second derivatives of the nozzle profiles are as small as possible. The present nozzle is designed as a three- m. An isometric view of the nozzle is presented in Fig. 5a . The nozzle performance has been investigated numerically from a steady RANS calculation incorporating a k- turbulence model. As shown in the velocity contours of Fig. 5b , no flow separation is predicted inside the nozzle. Also shown is the new coordinate system (x, y, z) employed for the cross section of the nozzle exit plane. We now present the overall facility background noise characteristics for the entire rig as a function of exit jet velocity. The flow uniformity and turbulence intensity variation over the jet nozzle of the jet were also measured and are also presented below. Note that both the acoustic and aerodynamic measurement results are plotted using the new coordinate system (x, y, z) as defined in Fig. 9 compare favourably with the data from other automobile and aeroacoustic wind tunnels published previously [9] [10] [11] . With the assumption that the variation of sound pressure level in the azimuthal plane is small ‡ , the OASPL data presented in Ref. [9] [10] [11] 
Calibration of the Open Jet Wind Tunnel
where r iFacility is the distance from the microphone to the centre of the nozzle exit plane of other The differences in these measurements can partly be attributed to the fact that the measurement angle h is different for different wind tunnels presented in Fig. 10 . Fig. 10 demonstrates that the Aweighted OASPL at both  = 45 o and 90 o for the present open jet wind tunnel is comparable with the quietest wind tunnels. The figure also shows that the A-weighted OASPL scales with log(V) [7, 8] for all the wind tunnels presented.
Analysis of exit flow uniformity and turbulence characteristics
To investigate the uniformity of the jet flow, the total pressure profiles were measured using a custom-made Pitot-tube rake. The rake consists of eleven 1. The turbulence intensity in the exit jet was measured using a TSI 1210-T1.5 miniature hot wire probe with 3.8 m diameter. The same computer-controlled traverse system was used to measure at several points from the nozzle edge to the centre in a single run. Fig. 12 shows the distribution of the turbulence intensity along the z-axis of the free jet at 60 ms -1 from the nozzle edge (z = 0.225 m)
to the centre (z = 0). This measurement was performed at a streamwise distance, x = 0.1 m away from the nozzle exit. Apart from the first point near the edge that is located within the shear layer, the potential core of the free jet has a typical turbulence intensity of about 0.1%. This value is well below the initial target of 0.5%. With such low disturbance level in the free flow, extraneous noise caused by the interaction of the jet turbulence with the airfoil leading edge is likely to be insignificant.
Measurement of Airfoil Trailing Edge Noise
A NACA0012 airfoil was situated within the potential core of the exit jet to measure its trailing edge self-noise in relation to the wind tunnel background noise. As shown in Fig. 13a , the airfoil is origin. In this measurement the broadband trailing edge noise is seen to be more than 15 dB above the background noise level at the peak frequency of 1 kHz and more than 10 dB at other frequencies.
The airfoil was then rotated to 10 o angle of attack § with the sandpapers near the leading edge of the pressure and suction sides removed. In this configuration noise tone produced by vortex shedding past the airfoil trailing edge is expected. The experiment was carried out at jet speed v j of 80 ms -1 and the measured noise spectrum is also shown in Fig. 13b alongside the background and predicted airfoil noises. At this speed, the measured airfoil noise is still at least 10 dB above the background noise for all the frequencies. The deviation between the Brooks et al.'s trailing edge noise prediction to the measured airfoil noise below 2 kHz is caused by the airfoil leading edge and the facility noises being more significant. The measurement however agrees well with the prediction at frequencies above 2 kHz. The trailing edge noise exhibits a broadband-''hump" between 3 kHz and 7 kHz with some discrete tones embedded. This type of spectrum in relation to a laminar airfoil is also observed by other researchers [20, 21] . Peak frequency of the tone is visible at about 5 kHz with 30 dB above the background noise level.
To provide a contour that vividly shows the footprint of the airfoil noise, the background noise and jet speed were first measured simultaneously as the flow speed was gradually reduced from its § Due to the finite size of the open jet wind tunnel, the effective angle should be 2.8 o based on the wind tunnel correction scheme proposed by Brooks et al. [6] . maximum value. This procedure was repeated with the airfoil installed at zero angle of attack (with sandpaper removed). Fig. 14a and b show, respectively, the contours of the sound pressure levels plotted as a colour map against frequency and flow speed without and with the airfoil. The resolution of the jet speeds presented in the figure is within 0.3-0.5 ms -1 . While a low overall background noise level is observed (Fig. 14a) , a distinct broadband-''hump" can be found for the case of trailing edge self-noise as well as the low frequency noise caused by the flow impingement to the airfoil leading edge at higher jet speeds (both indicated in Fig. 14b ). When the results were compared with the Brooks et al.'s prediction scheme, although not shown here, both agree extremely well.
Conclusions
The design, construction and performance of a new quiet, low turbulence open jet blow down wind tunnel have been described. This facility is designed to achieve a maximum Reynolds number 
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